Abstract Among oomycetes, Plasmopara viticola on grape and Phytophthora infestans on potato are agronomically the most important pathogens requiring control measures to avoid crop losses. Several chemical classes of fungicides are available with different properties in systemicity, specificity, duration of activity and risk of resistance. The major site-specific fungicides are the Quinone outside inhibitors (QoIs; e.g. azoxystrobin), phenylamides (e.g. mefenoxam), carboxylic acid amides (CAAs; e.g. dimethomorph, mandipropamid) and cyano-acetamide oximes (cymoxanil). In addition, multi-site fungicides such as mancozeb, folpet, chlorothalonil and copper formulations are important for disease control especially in mixtures or in alternation with site-specific fungicides. QoIs inhibit mitochondrial respiration, phenylamides the polymerization of r-RNA, whereas the mode of action of the other two site-specific classes is unknown but not multi-site. The use of site-specific fungicides has in many cases selected for resistant pathogen populations. QoIs are known to follow maternal, largely monogenic inheritance of resistance; they bear a high resistance risk for many but not all oomycetes. For phenylamides, inheritance of resistance is based on nuclear, probably monogenic mechanisms involving one or two semidominant genes; resistance risk is high for all oomycetes. The molecular mechanism of resistance to QoIs is mostly based on the G143A mutation in the cytochrome b gene; for phenylamides it is largely unknown. Resistance risk for CAA fungicides is considered as low to moderate depending on the pathogen species. Resistance to CAAs is controlled by two nuclear, recessive genes; the molecular mechanism is unknown. For QoIs and CAAs, resistance in field populations of P. viticola may gradually decline when applications are stopped.
area treated with chemicals. In 2006, the sales value of the global fungicide market for the control of diseases caused by oomycetes was about US$ 1.2 billion. By far the biggest segment of downy mildews worldwide is represented by Plasmopara viticola on grape (54%), followed by Pseudoperonospora cubensis on cucurbits (12%), Bremia lactucae on lettuce (8%), Peronospora spp. on leek and onion (6%), on tobacco (4%), on field crops such as peas, brassicas and sugar beet (each 3%) and on soybeans and corn (each 2%), Pseudoperonospora humuli on hops and Plasmopara halstedii on sunflower (each 1%), and the systemic pathogens Peronosclerospora and Sclerophthora spp. in corn (1%) (Syngenta internal data). Not included in this list are pathogens of the Pythiales, especially Phytophthora spp., of which Phytophthora infestans on potato and tomato is the most predominant segment (about the same as the P. viticola segment). Phytophthora infestans is included in this review, because most fungicides controlling downy mildews are also active against Phytophthora spp., and the modes of action and mechanisms of resistance have often been studied in Phytopthora spp., which are easier to handle under laboratory and glasshouse conditions than the biotrophic downy mildews. Chemical control is the most effective measure currently used to protect crops from downy mildews. Surprisingly, the rather 'old' multi-site fungicides including dithiocarbamates (e.g. mancozeb), phthalimides (folpet), chloronitriles (chlorothalonil) and copper formulations account still for about 50% of the downy mildew fungicide market. Among the single-site fungicides, four chemical classes dominate the market: the Quinone outside inhibitors (QoIs; 'strobilurins', mainly azoxystrobin, famoxadone, fenamidone), the phenylamides (PAs, mainly mefenoxam), the carboxylic acid amides (CAAs; mainly dimethomorph, iprovalicarb, benthiavalicarb, mandipropamid) and the cyanoacetamid-oximes (cymoxanil). Smaller market shares are taken by phosphonates (mainly fosetyl-Al), dinitroanilines (fluazinam), carbamates (propamocarb) and plant defence inducers such as the benzothiadiazoles (BTH, acibenzolar-S-methyl/Bion).
For many decades, multi-site contact fungicides were the only compounds available for the control of downy mildews. Within the last 30 years, chemical control of downy mildews has undergone dramatic changes with the detection and introduction of singlesite fungicides such as cymoxanil (1976 ( ), fosetyl-Al (1977 ( ), phenylamides (1977 ( -1983 ( ), propamocarb (1978 , CAAs (1992 CAAs ( -2005 and QoIs (1996 QoIs ( -2000 Gisi 2002 ). Generally, single site-fungicides act against a very specific step in the metabolism of pathogens and have only few side effects on other processes or non-target organisms. Most single-site fungicides penetrate into the leaf and are protected against wash-off by rain; some are also systemic and move into untreated parts of the plant. In contrast to multi-site fungicides, most single-site inhibitors bear a high intrinsic risk of causing the evolution of resistant pathogen sub-populations. This development is a common phenomenon in agricultural practice and is based on the selection of resistant individuals by the use of fungicides. However, a robust disease control programme will result also in a successful resistance management, because the probability of resistant survivors is smaller if the initial inoculum density is low. Therefore, all agronomic measures reducing disease pressure will also contribute to a reduced fungicide resistance risk. Effective resistance management and successful disease control are supported by the use of effective fungicide rates, alternation and mixtures of fungicides, appropriate spray intervals and an early onset of applications in the disease cycle.
QoI fungicides
QoI fungicides are inhibitors of mitochondrial respiration; they inhibit the electron transport at cytochrome b (complex III) by binding to the Qo site, the ubiquinol oxidizing pocket, which is located at the positive, outerside of mitochondrial membranes. In the Qo pocket, the amino acid glutamic acid (Glu) at position 272 of the ef protein loop is responsible for binding to an oxygen moiety in the toxophore of the fungicide molecule (O-H-N bridge; Gisi et al. 2002) . The cytochrome b (cyt b) gene is the molecular target for QoI fungicides; it is located in the mitochondrial genome. Long before the introduction of agricultural QoI fungicides, resistance to QoI molecules (e.g. myxothiazol) was described as being based on several mutations in the cyt b gene in a range of genera such as yeast (Saccharomyces), bacteria (Rhodobacter), protozoa (Paramecium), sea urchin, algae (Chlamydomonas) and mice (Di Rago et al. 1989; Geier et al. 1992; Degli-Esposti et al. 1993; Brasseur et al. 1996) . However, it was not known which mutation would appear in plant pathogens. Sierotzki et al. (2000a, b) detected the G143A substitution (exchange of glycine by alanine at position 143) for the first time in QoI-resistant isolates of Blumeria (Erysiphe) graminis f.sp. tritici and Mycosphaerella fijiensis. This substitution is based on a single nucleotide polymorphism in the triplet at position 143 from GGT to GCT in the cyt b gene. It was described in the following years in resistant isolates of many important plant pathogen species such as P. viticola, P. cubensis, Venturia inaequalis and Mycosphaerella graminicola (Heaney et al. 2000; Steinfeld et al. 2002; Gisi et al. 2002) . It is associated with high levels of resistance (high resistance factors RF) or 'complete' resistance which leads to a complete loss of disease control if QoIs are used as solo products. A second mutation, F129L (exchange of phenylalanine by leucine at position 129) was discovered in resistant isolates of a few pathogen species such as P. viticola (Sierotzki et al. 2005) , Pythium aphanidermatum and Pyrenophora teres ), resulting in a 'partial', less pronounced resistance leading to reduced disease control. However, in P. infestans, Bremia lactucae, Peronospora spp. and in all rust genera (e.g. Puccinia, Uromyces, Phakopsora, Hemileia), no resistant isolates (and no mutations) were detected until now. For rusts, the lack of resistance (based on G143A) has been elucidated recently: an intron is present in cyt b between positions 143 and 144 which has to be spliced for correct transcription and translation. The splice site recognition is based on a GGT triplet (De La Salle et al. 1982) . If mutated from GGT to GCT, splicing will not occur resulting in a non-functional cytochrome b which is lethal (Grasso et al. 2006) .
QoI resistance in P. viticola populations in Europe was first detected in 2000 (Heaney et al. 2000) and evolved quickly with a rapid increase of resistant isolates reaching a frequency in 2003 of 70% to 80% in France and about 30% in northwest Spain (Galicia; Fig. 1a,b) . In the following years, the frequency of resistance remained more or less stable in the two countries (except for France with a further increase to about 90% in 2006). In the north of Italy and in Switzerland, frequencies reached high levels in certain areas, whereas in Portugal, Germany and Austria, they are still low (Sierotzki et al. 2008) . Since the collected leaves always represented a bulk population, the measured frequency of resistance (A143 allele in Q-PCR tests) is representative for the entire population at a specific vineyard. However, if single sporangiophore isolates are picked from these samples, they are always either completely sensitive (100% G143 allele) or completely resistant (100% A143 allele); heteroplasmic stages were never detected.
At a specific trial site in Brazil (Holambra), QoI treatments were carried out during several years until November 2000, when they were stopped for three years (2001) (2002) (2003) , re-started again in 2004, stopped in 2005 and started again in 2006. A decline of resistance was observed when QoI applications were stopped and a rapid increase when QoIs were used again ( Fig. 2a,b ; Sierotzki et al. 2008 ). This fluctuation of resistance resulting from the use strategy of QoIs might be based on a reduced fitness of QoI-resistant isolates, as it was described also by Heaney et al. (2000) and Genet et al. (2006) . Similar declines of resistance after QoI treatments were stopped have also been observed in oospore populations of P. viticola in some vineyards in Italy (Toffolatti et al. 2006 ) and in P. cubensis populations in glasshouses in Japan (Ishii 2003 personal communication) . In order to investigate the segregation pattern of QoI resistance, a sensitive P2 and a resistant P1 mating type single sporangiophore isolate (Scherer and Gisi 2006) were crossed by co-inoculating a 1:1 sporangial mixture onto grape leaves. After 14 days of incubation, plenty of oospores were produced in the leaves which were further incubated in dry conditions in the dark for another 8 weeks. Then, the rotted leaves with oospores were ground to powder, mixed with perlite and moistened with water for inducing oospore germination (Gisi et al. 2007b) as originally described for P. infestans (Rubin and Cohen 2006) . Young grape leaves were incubated on top of the oospore/perlite mixture for 1 to 3 weeks until first sporangiophores appeared which were picked and propagated for producing F1 progeny isolates. Based on the mitochondrial origin of QoI resistance, a maternal inheritance of resistance (0: 1 or 1: 0, depending whether resistance is in the male or female parent) was expected. Surprisingly, a segregation of resistance r:s=8:23 (or~1:3) was observed; all resistant offspring carried the A143, the sensitive offspring the G143 allele ( Fig. 3 ; Blum and Gisi 2008) . Possible reasons for the unexpected segregation might be mitochondrial leakage, irregularities in the mating process or involvement of a recessive nuclear gene with epistatic regulation of the mitochondrial gene. The first possibility can be ruled out because no heteroplasmic stages were detected with Q-PCR; the second hypothesis is based on 'femaleness' of isolates (both parents may have the potential for oospore production) and was described for P. infestans (Judelson 1997) . Thus, many basic features of the biology of P. viticola are still not well understood. Indeed, if inheritance of QoI resistance does not follow a 0:1 (in a single cross) or 1:1 pattern (in populations, assuming P1: P2 ratio is about 1:1), evolution of resistance is not easy to predict, not even under 'controlled' conditions. The G143A mutation was obviously very rare in unselected populations of P. viticola prior to the use of QoI fungicides, but was quickly selected through the continuous use of these fungicides. It is an open question as to whether the G143A mutation (A143 allele) might be lost when QoI applications are stopped, as quickly as it appeared through selection. In addition, P. viticola is a pathogen with a high rate of sexual recombination and high genetic diversity resulting in many different genotypes every season (Scherer and Gisi 2006) but with a low migration rate resulting in local epidemics. Thus, resistance evolution might be driven mainly by 'local' processes (micro-climate, fungicide use strategies, disease pressure on different varieties). Fig. 4a ). Resistance increased during the season (Fig. 4a ) and was higher in mefenoxam-treated than untreated fields (Fig. 4b) . The decrease of sensitive and the increase of intermediate and resistant isolates during the season was observed earlier over a period of four consecutive years ( Fig. 4c ) and seems to follow a seasonal pattern every year. Similar observations were also made for P. infestans populations (Gisi and Cohen 1996) . Whether sexual recombination, pathogenic fitness and/or over-seasoning capacity of resistant isolates play a major role for these dynamics is still to be elucidated. Inheritance of phenylamide resistance in the F1 progeny was studied in crosses of P. viticola (Fig. 5a ) and P. infestans (Fig. 5b) by co-inoculation of mefenoxam-sensitive and resistant parents according to the method described for QoI fungicides (Fig. 3) . The segregation pattern of phenylamide resistance in P. infestans corresponded to the expected Mendelian mechanisms for inheritance based on one semidominant gene: all F1 progeny isolates were intermediates (Fig. 5b , Knapova et al. 2002) . However, in P. viticola the segregation pattern was somewhat unexpected (Fig. 5a ) with a proportion of r:i:s= 21:8:2 (Blum and Gisi 2008) . In this experiment, the sensitive parent may be considered as 'truly sensitive' or as intermediate (depending on categorization of EC50 value in the bioassay). The segregation of resistance in the F1, based on one semi-dominant gene in the resistant parent should result either in an entirely intermediate progeny (if the other parent is considered as sensitive) or in r:i=1:1 (if the other parent is considered as intermediate). The observed segregation pattern does not fit to either of the expected segregation. If resistance is based on one dominant gene, the expected segregation would differ even more from the observed pattern. Since for P. viticola, no other data on resistance segregation in the F1 are available in the literature, it remains unclear whether the genetic background of mefenoxam resistance is different in P. viticola compared to P. infestans, or whether sexual recombination and oospore production follows some yet unknown modifications in P. viticola as was speculated to occur for the inheritance of QoI resistance (see above). Similarly, a distorted segregation pattern was also described in P. infestans when oospores were produced in planta as compared to in agar cultures (Van der Lee et al. 2004; Rubin and Cohen 2006) . In addition, the segregation pattern of phenylamide resistance in P. viticola was described for F2 progeny by Gisi et al. (2007b) : a proportion of s:i:r=1:2.7:2 was observed which was considered to be based on one semidominant gene affected by minor genes as described for P. infestans (Judelson and Roberts 1999) . In summary, the risk of resistance for phenylamide fungicides is considered as high, the evolution as fast with a certain stabilization effect over time, and a reappearance of sensitivity in unselected populations after sexual recombination.
CAA fungicides
The biochemical mode of action of CAA fungicides (including dimethomorph, flumorph, iprovalicarb, benthiavalicarb, mandipropamid) is still speculative; potential targets are phospholipid biosynthesis (Griffiths et al. 2003) and cell wall deposition (Jende et al. 2002; Gisi et al. 2007a) . Although CAAs may interfere with cell membranes, it is doubtful whether the observed effects on phosphocholinetransferase, the last step in the Kennedy pathway of lecithin biosynthesis (Griffiths et al. 2003) can be considered as primary effects caused by CAA fungicides. Similarly, the observed changes in cell wall architecture and deposition during germination of cystospores (Jende et al. 2002) may be a secondary effect, because some of the key enzymes of cell wall biosynthesis such as glucanases and synthases of β-1,3 glucans and cellulose may not be inhibited directly (Mehl and Buchenauer 2002; Gisi et al. 2007a) . Most likely, the target site for CAA fungicides may be membrane-bound at the interface between plasmalemma and cell wall (Syngenta internal data). So far, the target gene(s) have not been identified and no mutations conferring resistance are known, although CAAresistant field isolates of P. viticola are available. In spite of an intensive monitoring programme, no resistant isolates have been detected in P. infestans populations ; FRAC CAA working group reports, www.frac.info), although CAA fungicides (dimethomorph) have been used commercially for more than 10 years. Also, enforced selection experiments and mutagenesis did not yield isolates in P. infestans with stable resistance to CAAs (Bagirova et al. 2001; Stein and Kirk 2004; Yuan et al. 2006; Rubin et al. 2008) . Therefore, resistance risk for CAA fungicides in P. infestans can be considered as low. The entire genus Pythium is insensitive to CAA fungicides; therefore, there are no resistance issues for CAAs in this genus. However, CAA-resistant isolates have been detected in P. )   36  39  25  2  21  20  15  31  29  12  35  33  10  11  13  5  7  1  3  8  16  17  18  27  30  14  32  19 9  4  36  39  25  2  21  20  15  31  29  12  35  33  10  11  13  5  7  1  3  8  16  17  18  30  14  32  19 4  1  15  13  50  11  17  18  53  27  10  16  46  26  47  56  6  14  30  8  24  23  19  22  25  43  41  45  21  54 4  1  15  13  50  11  17  18  53  27  10  16  46  26  47  56  6  14  30  8  24  23  19  22  25  43  41  45  21  54  28 ) of F1 progeny isolates derived from a cross between an MFX-sensitive and MFX-resistant parent (F0, black columns) of a Plasmopara viticola (after Blum and Gisi 2008) and of b Phytophthora infestans (after Knapova et al. 2002) viticola populations for several years in some regions of France and Germany (Gisi et al. 2007b ), but no serious product failures were reported. Mean resistance factors are often >300, and resistant isolates are stable when transferred onto untreated grape leaves (Gisi et al. 2007b ). Also, in P. cubensis, resistant isolates have recently been detected in a few trial site locations, one each in South Korea, Israel and USA (FRAC CAA working group reports, www.frac.info) and in China (Zhu et al. 2007 ). When a CAAsensitive and CAA-resistant single sporangiophore isolate of P. viticola were crossed (method see above), resistance segregated in the F1 in a 0:1 (entire F1 progeny sensitive) and in the F2 in a 1:9 pattern, suggesting that two recessive nuclear genes are involved in CAA resistance (Gisi et al. 2007b ). Based on this segregation pattern, resistance risk for CAA fungicides in P. viticola was estimated to be moderate.
The evolution of resistance to CAA fungicides in P. viticola populations was followed over several years at four different trial sites (Les Barges and Stein in Switzerland, Marsillargues and Estillac in France) in response to different spray programmes (treatments stopped or applications as solo product or in mixture with multi-site fungicides; Fig. 6 ). At locations with fully resistant initial populations (resulting from season-long selection with recommended rates during several years), resistance clearly declined (in some cases to zero) within 2 years after mandipropamid applications were stopped. At locations with low proportions of CAA resistance at the beginning of the season, six applications (full recommended rates) caused a more rapid increase of resistance when the product was used solo as compared to when used in mixture (with Folpet). Interestingly, the proportion of resistance in the populations at the Stein and Estillac sites was lower at the beginning of the season than at the end of the previous season (Fig. 6 ). These observations suggest that CAA-resistant isolates of P. viticola may be less fit in the absence of selection pressure than sensitive isolates. The decline of resistance in the absence of CAA treatments is an additional element supporting the classification of resistance to be moderate for CAAs in P. viticola (as compared to high for QoI and phenylamide fungicides; www.frac.info).
Other fungicide classes against oomycetes
The multi-site inhibitors such as copper formulations, dithiocarbamates like mancozeb, phthalimides like folpet and chloroisophthalonitriles like chlorothalonil are non-systemic, preventive fungicides forming a protectant barrier at the surface of the plant against pathogens, and inhibit pathogen development prior to penetration into the tissue. They interact mostly unspecifically with many biochemical steps in the pathogen metabolism, such as the formation of complexes with enzymes possessing sulphydrylgroups (Gisi 2002) . As a consequence, the enzymes are inactivated leading to a general disruption of metabolism and cell integrity. Based on the multi-site mode of action, resistance to such inhibitors has never developed and is unlikely to evolve. Multi-site fungicides are important elements in spray programmes (about 50% of the total oomycete fungicide market) either as stand alone products or in mixtures with single-site fungicides to improve their activity and to delay resistance evolution. Based on its short persistence, the systemic cyanoacetamide oxime fungicide cymoxanil is used against oomycetes always in mixtures with multi-site fungicides. The biochemical mode of action of cymoxanil is unknown. Reduced sensitive (or resistant) isolates have been reported in field populations of P. viticola (but not of P. infestans) in several vineyards of Italy and France (Gullino et al. 1997; Genet and Vincent 1999) . Depending on the proportion of resistance in populations, the curative activity of cymoxanil can be significantly reduced. The dinitroaniline fungicide fluazinam is an uncoupler of phosphorylation from electron transport by disrupting the proton gradient; as a consequence, ATP production is blocked (Gisi 2002) . Resistance in field populations of oomycetes has never been reported. The carbamate fungicide propamocarb is reported to affect the permeability of cell membranes; as a consequence, leakage of cell components has been observed, but the precise biochemical mode of action is not well understood. Field isolates resistant to propamocarb have been detected in Pythium species (Moorman and Kim 2004) . Within the chemical class of phosphonates, fosetyl-Al and its breakdown product phosphorous acid (H 3 PO 3 ) are readily taken up by plant tissue and translocated systemically within the phloem (symplastically). Fosetyl-Al may have an indirect effect against downy mildews by stimulating the plant defence reactions; but also a direct antifungal activity has been reported (change in phosphorylated sugar content and cell wall composition; Gisi 2002) . Nevertheless, the primary site of action is not known, and resistant isolates in field populations have never been detected. For 'true' plant defence inducers such as acibenzolar-S-methyl (Bion), it is generally assumed that pathogens cannot develop resistance very easily, because several mechanisms would have to be overcome (Gisi 2002) .
Conclusions
Resistance evolution depends on the specific action of the fungicide (biochemical and molecular mechanisms), the agronomic usage of the fungicide and the pathogen biology. These parameters have been used by FRAC for resistance risk assessment for all chemical classes ('FRAC grid' in Monograph 1, FRAC classification lists, www.frac.info). In P. viticola, fungicide resistance has emerged quite quickly (within a few years) after product introduction for almost every chemical class of single-site fungicides (phenylamides, cymoxanil, QoIs, CAAs), whereas in P. infestans it emerged only for phenylamides (Kuck and Russell 2006) . Therefore, resistance risk assessment has to be carried out carefully and for each single pair of fungicide and pathogen species. In order to delay resistance evolution and ensure robust disease control for as long as possible, all available chemical classes of fungicides such as QoIs, phenylamides, CAAs, cyanoacetamide-oximes, phosphonates and multi-site fungicides should be integrated in a spray programme, either in sequence and/or in mixtures. Fungicide applications should start before or at the onset of the epidemics; the recommended rates and spray intervals have to be strictly followed and adapted to the local disease and weather conditions.
